Identification of the Initial Steps in Signal Transduction in the α4β2 Nicotinic Receptor:Insights from Equilibrium and Nonequilibrium Simulations by Oliveira, A. Sofia F. et al.
                          Oliveira, A. S. F., Shoemark, D. K., Campello, H. R., Wonnacott, S.,
Gallagher, T., Sessions, R. B., & Mulholland, A. J. (2019).
Identification of the Initial Steps in Signal Transduction in the α4β2
Nicotinic Receptor: Insights from Equilibrium and Nonequilibrium





Link to published version (if available):
10.1016/j.str.2019.04.008
Link to publication record in Explore Bristol Research
PDF-document
This is the author accepted manuscript (AAM). The final published version (version of record) is available online
via Cell Press at https://www.sciencedirect.com/science/article/pii/S0969212619301303 . Please refer to any
applicable terms of use of the publisher.
University of Bristol - Explore Bristol Research
General rights
This document is made available in accordance with publisher policies. Please cite only the
published version using the reference above. Full terms of use are available:
http://www.bristol.ac.uk/red/research-policy/pure/user-guides/ebr-terms/
Identification of the initial steps in signal transduction in the α4β2 nicotinic 
receptor: insights from equilibrium and nonequilibrium simulations 
A. Sofia F. Oliveira,a,b Deborah K. Shoemark,a Hugo Rego Campello,b Susan Wonnacott,c 
Timothy Gallagher,b Richard B. Sessionsa1* and Adrian J. Mulhollandb* 
a School of Biochemistry, University of Bristol, Bristol BS8 1DT (United Kingdom) 
b Centre for Computational Chemistry, School of Chemistry, University of Bristol, Bristol BS8 1TS 
(United Kingdom) 
c Department of Biology and Biochemistry, University of Bath, Bath BA2 7AY (United Kingdom) 
1 Lead Contact: Richard B. Sessions (r.sessions@bristol.ac.uk) 
 *Corresponding author(s): r.sessions@bristol.ac.uk     adrian.mulholland@bristol.ac.uk 
 
SUMMARY 
Nicotinic acetylcholine receptors (nAChRs) modulate synaptic transmission in the nervous system. 
These receptors have emerged as therapeutic targets in drug discovery for treating several 
conditions, including Alzheimer’s, pain and nicotine addiction. In this in silico study, we use a 
combination of equilibrium and nonequilibrium molecular dynamics simulations to map dynamic 
and structural changes induced by nicotine in the human α4β2 nAChR. They reveal a striking 
pattern of communication between the extracellular binding pockets and the transmembrane 
domains (TMDs) and show the sequence of conformational changes associated with the initial steps 
in this process. We propose a general mechanism for signal transduction for Cys-loop receptors: the 
mechanistic steps for communication proceed firstly via loop C in the principal subunit and are 
subsequently transmitted, gradually and cumulatively, to loop F of the complementary subunit, and 
then to the TMDs via the M2-M3 linker. 
 
INTRODUCTION 
Nicotinic acetylcholine receptors (nAChRs) are members of the pentameric ligand-gated ion 
channel (pLGIC) family and are involved in fast synaptic transmission in the peripheral nervous 
system and serve a more modulatory function in the CNS (Miller and Smart, 2010; Thompson et al., 
2010; Corringer et al., 2012; Nys et al., 2013; Cecchini and Changeux, 2015; Nemecz et al., 2016). 
pLGICs are frequently referred to as Cys-loop receptors due to a conserved disulphide bond located 
close to the interface between the extracellular and the transmembrane domains (Nys et al., 2013; 
Nemecz et al., 2016). The Cys-loop family includes several other important cation and anion-
permeable channels, such as the serotonin (5-HT3R), glycine (GlyR) and γ-aminobutyric acid type 
A (GABAAR) receptors (Miller and Smart, 2010; Thompson et al., 2010; Nys et al., 2013; Cecchini 
and Changeux, 2015; Nemecz et al., 2016). In nAChRs, the endogenous neurotransmitter 
acetylcholine, as well exogenous agonists such as nicotine, bind to the receptor and induce 
depolarization by opening the ion channel and thereby allowing a flow of positive ions across the 
membrane (Cecchini and Changeux, 2015; Dineley et al., 2015). Over the last decades, nAChRs 
have emerged as important targets in drug discovery for the treatment of several conditions 
including Alzheimer’s, schizophrenia, pain and addiction (Cecchini and Changeux, 2015; Dineley 
et al., 2015). 
Details of the molecular architecture of nAChRs have been revealed for the nAChR from Torpedo 
marmorata by cryo-electron microscopy (Miyazawa et al., 2003; Unwin, 2013) and, more recently, 
the X-ray (Morales-Perez et al., 2016) and cryo-electron structures (Walsh et al., 2018) of the 
human α4β2 receptor. Crystallographic studies of several water-soluble acetylcholine binding 
proteins (AChBPs, e.g. (Brejc et al., 2001; Celie et al., 2004; Celie et al., 2005; Li et al., 2011; 
Rucktooa et al., 2012; Billen et al., 2012)) have also provided insights into ACh binding, although 
AChBPs lack an ion channel domain. Considerable progress has been made in structural studies of 
other family members (for a review see (Pless and Sivilotti, 2018)), with several full-length 
structures determined of both prokaryotic channels (such as GLIC  (Hilf and Dutzler, 2009; Hilf et 
al., 2010; Pan et al., 2012a; Prevost et al., 2012; Sauguet et al., 2013; Gonzalez-Gutierrez et al., 
2013; Mowrey et al., 2013; Sauguet et al., 2014; Nemecz et al., 2017; Menny et al., 2017; Fourati et 
al., 2018) and ELIC (Hilf and Dutzler, 2008; Zimmermann and Dutzler, 2011; Pan et al., 2012b; 
Gonzalez-Gutierrez et al., 2012; Spurny et al., 2012; Zimmermann et al., 2012; Spurny et al., 2013; 
Ulens et al., 2014; Chen et al., 2015; Bertozzi et al., 2016; Nys et al., 2016)) and eukaryotic 
channels (such as GlyRs (Du et al., 2015; Huang et al., 2015; Huang et al., 2017), GABAARs 
(Miller and Aricescu, 2014; Zhu et al., 2018; Miller et al., 2017; Chen et al., 2018; Phulera et al., 
2018; Liu et al., 2018; Masiulis et al., 2019; Laverty et al., 2019) and 5-HT3Rs (Hassaine et al., 
2014; Basak et al., 2018a; Polovinkin et al., 2018; Basak et al., 2018b)). The large set of structures 
currently available reflects the different states of the receptors and the effect of mutations and gives 
insight into ligand-receptor interactions. They also hint at conformational transitions mediating 
signal transduction.   
nAChRs are formed of five (identical or non-identical) subunits arranged around a central cation-
conducting channel (see Figure 1) (Cecchini and Changeux, 2015; Dineley et al., 2015). Each of the 
five subunits consists of a large extracellular region, comprised of the lengthy N-terminal domain 
and the linker between transmembrane spans M2 and M3, a transmembrane domain (TMD) 
comprised of 4 membrane-spanning helices M1-M4, and a variable intracellular domain (ICD) 
between M3 and M4. Five TMDs together form the channel that enables ions to cross the 
membrane (Thompson et al., 2010; Nemecz et al., 2016). The ICD region is mainly formed by the 
large M3–M4 intracellular loop and is thought to be responsible for the regulation and trafficking of 
the receptor (Thompson et al., 2010; Nemecz et al., 2016). The ECDs contain the ligand-binding 
pockets, which range between two and five per receptor depending on the receptor subtype 
(Thompson et al., 2010; Nemecz et al., 2016). The ligand binding pockets are located at the 
interface between neighbouring subunits and are formed by loops A, B, and C located in the 
principal side and D, E and F in the complementary side (Figure 1). Each binding pocket (Figure 1) 
is lined by several aromatic residues (e.g. Y100, W156, Y197, Y204 in the principal subunit and 
W57, F119 and L121 in the complementary subunit of the human (α4)2(β2)3 receptor (Morales-




The α4β2 nAChR (the focus of this work) is important from a therapeutic point of view because it is 
the major nAChR in the brain with high affinity for nicotine (comprising 90% of high-affinity 
nicotine binding sites in the brain (Dineley et al., 2015)) and hence is key to nicotine addiction. As a 
consequence, this receptor subtype is the primary target of several smoking cessation drugs, notably 
varenicline (Hays and Ebbert, 2008) and cytisine (Etter, 2006). Structural studies have revealed 
vital features of the molecular mechanisms underlying the function of this receptor (Miller and 
Smart, 2010; Thompson et al., 2010; Nys et al., 2013; Cecchini and Changeux, 2015), but 
fundamental questions remain. In particular, what are the nicotine-induced conformational changes 
in the protein and how are these rearrangements transmitted from the ECDs to the TMDs, resulting 
in the opening of the ion channel? Answering this question requires knowledge of the dynamics of 
the protein and the identification of the conformational changes that take place upon ligand binding 
(Amaro and Mulholland, 2018). Grosman et al. (Grosman et al., 2000b), using rate equilibrium 
linear free-energy relationships analysis, proposed a possible pathway connecting the closed and 
open conformations of the muscle nAChR and suggested that the transmission of conformational 
changes proceeds in a wave-like manner from the binding site to the TMD (Grosman et al., 2000b). 
Molecular dynamics (MD) simulations offer a highly effective method to identify, ‘assay’ and 
analyse functionally important motions of proteins (e.g. (Oliveira et al., 2011; Woods et al., 2013; 
Wells et al., 2015; Huggins et al., 2018; Amaro et al., 2018)). The use of nonequilibrium MD 
simulations (Hoover and Hoover, 2005) is less common (e.g. (Jensen et al., 2002; de Groot et al., 
2003; De Fabritiis et al., 2008; Kutzner et al., 2011; Ngo et al., 2014; Ngo et al., 2016; Buchenberg 
et al., 2017; Stock and Hamm, 2018)) but potentially allows for the characterization of the fast 
conformational changes occurring in a system as a response to a perturbation (e.g., (Oliveira et al., 
2005; Damas et al., 2011)). Several studies using MD simulations (in some cases combined with 
docking approaches) have been reported for approximate models of the α4β2 nAChR (e.g. 
(Haddadian et al., 2008; Sgrignani et al., 2009; Cheng et al., 2009a; Liu et al., 2009; Law and 
Lightstone, 2009; Liu et al., 2010b; Liu et al., 2010a; Willenbring et al., 2010; Beissner et al., 2012; 
Arias et al., 2013a; Arias et al., 2013b; Arias et al., 2015a; Arias et al., 2015b; Suresh and Hung, 
2016; Alcaino et al., 2017)). These studies aimed to understand receptor-ligand interactions and 
how ligand binding is linked to the cooperative movements in gating. However, as far as we are 
aware, all the previous studies (both for the isolated domains and for the complete receptor) used 
homology models as the starting point for the simulations. These models were based on a wide 
variety of template structures, such as the cryo-EM Torpedo marmorata nAChR (Miyazawa et al., 
2003) or the acetylcholine binding proteins from Capitella teleta (Billen et al., 2012), Aplysia 
californica (Celie et al., 2005) and Lymnaea stagnalis (Celie et al., 2004). Furthermore, previous 
simulations were on the timescale of a few nanoseconds (e.g., ranging from five to tens of ns) and 
so too short to capture the conformational changes induced by ligands.  
Insights into the conformational transitions associated with gating and signal propagation within the 
Cys-loop family have been provided by MD simulations studies of other Cys-loop receptors (e.g., in 
the ELIC (Cheng et al., 2009b), GLIC (Nury et al., 2010; Mowrey et al., 2013; Lev et al., 2017), 
GlyR (Murail et al., 2011; Yu et al., 2014) and GluR (Calimet et al., 2013; Yoluk et al., 2015)). 
Particularly interesting is the recent work by Lev et al., in which a combination of targeted MD and 
swarm-based string method simulations were used to identify the molecular events and the 
energetics of pH activation, ECD-TMD communication, and gating in the bacterial homologue 
GLIC channel (Lev et al., 2017). That work showed that deprotonation of the aspartate and 
glutamate residues located at the subunit interface induces the ECD conformational change during 
channel closure and that the D32-R192 salt bridge is a key interaction in the direct communication 
between the ECD and the TMD (Lev et al., 2017).  
Here, we report an in silico study where we have performed extensive equilibrium MD simulations 
(totalling 5 μs) of the human α4β2 nAChR using the recently solved crystal structure (Morales-
Perez et al., 2016), with and without nicotine in the binding sites. The simulations identify agonist-
induced conformational changes and show how the ligand modulates the receptor dynamics. We 
have also performed an extensive complementary set of nonequilibrium MD simulations (totalling 2 
μs), which reveal the ECD-TMD communication mechanism. This combination of equilibrium and 
nonequilibrium MD simulations provides a powerful tool to study signal transduction in proteins 
that should be widely applicable for use in other allosteric systems.  
 
RESULTS AND DISCUSSION 
Simulations of the nicotine complex and the apo form 
We performed extensive simulations of the free (APO) and nicotine-bound (NCT) systems (with ten 
replicates of each system) comprising the human α4β2 nAChR inserted into an explicit lipid 
membrane and solvent. Both systems remain stable over the simulation time (250 ns), and the 
average Cα root mean square deviation (RMSD) profiles show a plateau after 50 ns (Figure S1). The 
stability of the systems is further demonstrated by the analysis of the secondary structure of the 
receptor (in both systems, the protein secondary structure remains intact during the 250 ns, with an 
average secondary structure loss below 2% using DSSP (Kabsch and Sander, 1983)) (Figure S1). 
Principal component analysis (PCA) was also used to check the equilibration/relaxation and 
sampling of the replicates (Roy and Laughton, 2010; Garton and Laughton, 2013; Ng et al., 2013). 
All replicates were equilibrated after 50 ns. As expected, PCA showed that the different replicates 
explore different regions of conformational space (Figure S1), thus improving the overall sampling 
for each system. The use of replicates has been shown to improve sampling compared with a single 
long simulation (Caves et al., 1998; Perez et al., 2016; Huggins et al., 2018). 
 
In the NCT system, both nicotine molecules (one in each binding pocket) maintained their positions 
throughout the simulations. The two canonical interactions between the protonated pyrrolidine 
nitrogen of nicotine and TrpB (W156 from the α4 subunits) (Dougherty, 2008; Tavares Xda et al., 
2012; Van Arnam and Dougherty, 2014) are almost always present in both binding pockets. 
Although the two nicotine molecules are relatively immobile in each site, their behaviour differs to 
some extent, on the simulated timescale. The analysis of the dihedral angle ϕ between the pyridine 
and pyrrolidine rings of nicotine showed two persistent conformations resulting in two possible 
binding modes: a preferred one (ϕ ≈ –65⁰) observed in 90% of cases (similar to the binding mode in 
the X-ray structure (Morales-Perez et al., 2016)) and a second (ϕ ≈ 125⁰) observed for the remaining 
10%.  
 
Nicotine-induced structural and dynamical changes  
Binding of nicotine is thought to induce structural and dynamical changes in the receptor. Root 
Mean Square Fluctuation (RMSF) profiles of the Cα atoms were calculated for the APO and NCT 
systems to identify and characterise such changes. The RMSF behaviour among the replicates is 
very diverse for both the APO and NCT systems (Figure S1). However, despite this diversity, the 
average RMSF profiles for the APO and the NCT systems are very similar (Figure 2 and S2), 
indicating that the overall dynamics of the two systems are generally very similar. The only 
exception is the loop C region of the α4 subunits which shows a significant decrease in flexibility in 
the nicotine complexes, compared with the apo form. This is in agreement with experimental 
evidence (particularly from X-ray and Trp fluorescence studies) showing that loop C is relatively 
disordered, adopting multiple conformations in the absence of a ligand (e.g. (Gao et al., 2005; Ulens 
et al., 2009; Nys et al., 2013)) and that its conformation becomes restricted upon ligand binding 
(e.g. (Celie et al., 2005; Gao et al., 2005; Gao et al., 2006; Brams et al., 2011; Unwin and Fujiyoshi, 
2012; Nys et al., 2013)). Likewise, several previous MD studies on different pLGICs have also 
indicated an increase in the flexibility of this loop when no ligand is present in the binding pocket 
(e.g. (Law et al., 2005; Amiri et al., 2007; Haddadian et al., 2008; Mallipeddi et al., 2013; Naveh et 
al., 2014; Yoluk et al., 2015)).  
Figure 2 
 
To identify nicotine-induced conformational changes, the Cα positional deviations between the APO 
and the NCT systems were calculated as a function of the residue number for the last 10 ns of 




The final deviation values correspond to the average obtained over all 100 combinations (resulting 
from the 10 APO × 10 NCT pairs of trajectories). Overall, this approach is a straightforward way to 
identify the residues that show structural differences between the two systems. The Cα positional 
deviations were mapped onto the average APO structure in order to identify the residues that 




Overall, the most pronounced conformational differences between the NCT and the APO systems 
are located in external and flexible regions of the receptor such as the MX-M4 linkers, loop C from 
the β2 subunits and the C-termini. All these regions are flexible (Figure 2 and S2), hence caution 
must be exercised when assessing the relevance of such differences in respect of ligand gating. It 
should also be noted that the ICDs located between the MX-M4 helices were not modelled (see 
STAR Methods), thus the differences observed in the MX-M4 loops may have been artificially 
enhanced by the absence of this domain. Nevertheless, an interesting observation from Figure 4B 
and Figure S3 is the fact that, in the binding pocket region, the conformational differences between 
the two systems are subtle and localized in the loop C and TrpB region of the α4 subunit. Loop C 
forms the outer face of the binding pocket (see Figure 1) and, in our APO simulations, this region 
displays significant conformational variability (Figure S4). In some APO replicates, this loop 
moved inward into the binding pocket (Figure S4B), whereas in other cases, it rotated outward 
(Figure S4C) exposing the binding pocket region to the solvent. Such outward movements are 
known to be important for the opening of the binding pocket and to allow ligand diffusion in and 
out of the pocket (Nys et al., 2013). 
 
In the β2 subunit (Figure 4 and S3), the largest conformational differences between the two systems 
are located in loop F (between D170 and D171) and in the second layer of residues (between A98-
F106). Loop F is located at the bottom of the binding pocket (Nys et al., 2013) and, based on 
available structural and functional data, it has been hypothesized that this loop may have two 
distinct regions (for a review see (Nys et al., 2013)): the upper part is thought to be important for 
ligand binding affinity and specificity while the lower part has been proposed to have a direct role in 
channel gating and in linking binding pocket structural changes to the TMD gate. While the 
involvement of this loop in ligand binding in the Cys-loop receptor family has been confirmed by 
voltage-clamp fluorometry experiments (e.g. (Pless and Lynch, 2009; Khatri et al., 2009)), its role 
in signal transduction and activation (Newell and Czajkowski, 2003; Thompson et al., 2006) 
remains unclear.  
 
The largest nicotine-induced deviations in the interface between the ECD and TMD domains 
(Figure 4C and Figure S3C) are located in three distinct regions: the M2-M3 and Cys loops from 
the α4 subunit and the lower part of loop F from the β2 subunit. The extracellular M2-M3 region is 
located at the interface between the ECD and the TMDs and has been shown experimentally to be 
involved in channel gating (e.g. (CamposCaro et al., 1996; Rovira et al., 1998; Grosman et al., 
2000a)). Mutations in this loop influence gating and disrupt the link between ligand binding and 
channel activation (Grosman et al., 2000a; Jha et al., 2007; Bafna et al., 2008). Some of these 
mutations are also known to cause several human diseases, such as congenital myasthenic 
syndromes (e.g. (Croxen et al., 1997)). Previous MD simulations of several Cys-loop members (e.g. 
(Haddadian et al., 2008; Cheng et al., 2009b; Zhu and Hummer, 2010)) have also suggested that this 
loop is the main coupling element between the ECDs and the TMDs. The Cys loop of the α4 
subunit is one of the most highly conserved structural motifs in the nAChRs family (Le Novere and 
Changeux, 2001) and is located at the junction between the ECD and TMD (Figure 1). Mutations in 
this region have a profound effect on ligand binding and attenuate channel gating (Shen et al., 
2003).  
 
No significant conformational differences were observed between the NCT and APO systems in the 
ion permeation pore, not even in the M2 region of the channel. The M2 helices form the inner wall 
of the ion pore, and their motion directly impacts on pore shape. Therefore, the distances between 
these helices (Figure S5) were monitored together with the channel profile (data not shown). The 
receptor ion channel had a V-shaped conformation at the beginning of the simulations with a 
constriction on the cytoplasmic side of the membrane, mainly due to the position of the side-chains 
of E247 (α4 subunits) and E239 (β2 subunits) (see Figures 5A and S5). However, during the 
simulation, the M2 helices underwent a significant reorganisation leading to the closure of the ion 
channel (Figure 5B). This rearrangement was observed in almost all replicates in both the APO and 
NCT systems (19 out of the 20 simulations performed) where straightening of the helices occurred 
exclusively in the M2 extracellular regions (Figure S5B-S5C). The M2 intracellular region showed 
almost no change during the simulation (Figure S5). Several previous simulation studies with 
various pLGICs (such as the human α7 nAChR or the nicotinic receptor homologue GLIC) have 
shown similar straightening motions of the upper region of the M2 helices (e.g. (Nury et al., 2010; 
Chiodo et al., 2017)) and such tilting/straightening motions are thought to be essential for the 
opening/closing of the ion channel.  
Membrane properties were also monitored along the simulation time using the GridMAT tool 
(Allen et al., 2009). No major changes in the membrane were observed in the APO and NCT 
systems. Despite some fluctuations, the membrane remained in the liquid crystalline state and the 




Inter-domain communication and signal transduction 
We also performed 400 short nonequilibrium simulations (a total of 2 μs) to study signal 
transmission from the binding pocket to the ion channel. These short nonequilibrium simulations 
started from conformations extracted from the equilibrated part (40 conformations per replicate) of 
the long NCT simulations (Figure 7). In each short simulation, the nicotine molecules were 
annihilated in the binding pockets, and the trajectory of these artificial APO systems (containing the 
receptor, membrane, solvent, and ions) was followed for 5 ns. The subtraction technique (Ciccotti et 
al., 1979; Paolini et al., 1990) was used to compare the short APO and NCT simulations (Figure S6) 
and identify the residues involved in signal transmission by cancelling the noise coming from the 
intrinsic fluctuations of the systems. This approach allows for the identification of the receptor 
response to instantaneous removal of nicotine from both binding pockets (Figure 6 and Figure S6-
S7) and provides a detailed understanding of the associated conformational changes by averaging 
the difference in the position of the residues between the short APO and NCT simulations at 
specific time points (Movie 2). Every 0.01 ns the Cα coordinates of each residue in the APO 
simulation was subtracted from the corresponding Cα atom coordinates of the NCT simulation 
giving a difference trajectory for this pair of simulations. These difference trajectories were 
averaged over the set of 400 pairs of short simulations and the standard deviations calculated. Low 
standard deviations for the average Cα positional deviation between the two states were observed, 
indicating the significance and reproducibility of the results. It should be noted that these 
nonequilibrium simulations were designed to force signal transmission in the receptor and thus 
identify the initial steps in the chain of conformational rearrangements associated with signal 
propagation. Due to the artificial nature of the perturbation (the creation of a local vacuum upon 
nicotine annihilation), the response of the system observed here is faster than its response in a 
biological context. We emphasise that these simulations are not intended to model the physical 
process of ligand unbinding and the timescale of structural changes in that process or the transitions 
between states associated with gating; instead, they identify the structural response to the 
perturbation and the routes by which they are transmitted in the protein. Only the small amplitude 
conformational changes (associated with the first steps of signal transmission) will be observed, due 
to the short timescale of the nonequilibrium simulations (5 ns). The large amplitude conformational 
rearrangements necessary to allow channel opening/closing will not be completely sampled (see 
Figure S6). Nevertheless, we suggest that such conformational rearrangements occurring between 
open, resting, intermediate and closed states are likely to involve structural elements of the 




These simulations clearly identify common features of structural response to nicotine removal. As 
can be seen in Figure 6 and Figures S7, fifty picoseconds after nicotine removal, the loop C region 
from the α4 subunit (residues E198-E202) was the only region in the binding pockets that 
underwent a conformational change. Notably, the α1-β1 and the β2-β3 loops, which are located at 
the top of the receptor and relatively distant (more than 20 Å away) from the binding pockets, also 
responded rapidly to nicotine removal. Over the next few nanoseconds, a gradual and cumulative 
increase in the deviations was observed in specific regions of the receptor, mainly in loop F 
(residues S175-E177) from the β2 subunit and in loops C and M2-M3 (residues T273-P278) from 
the α4 subunit (see Movie 3). Also, and perhaps surprisingly, the Cys loop showed hardly any 
rearrangement in response to ligand removal. However, it is important to note that the 
conformational changes after 5 ns are still far from those observed in the long simulations (Figure 
S6), meaning, that signal transduction in this receptor is a comparatively slow process and that most 
of the conformational rearrangements occur long after the initial perturbation. The only exception to 
this slow response behaviour is the loop C region, which responds rapidly, showing a deviation 
after 5 ns comparable with that found in the equilibrium simulations.  
 
The results from this nonequilibrium analysis correlate well with the experimental evidence 
showing that loops C, F, and M2-M3 are involved in ligand binding and/or signal transduction: 
mutations in the M2-M3 loop in the α subunit modulate communication between the ECD and the 
TMD (Grosman et al., 2000a; Jha et al., 2007; Bafna et al., 2008) and, in some cases, impair 
channel gating (Grosman et al., 2000a). Moreover, insertion or a deletion of a residue in this region 
increases or decreases, respectively, the open-channel lifetimes (Grosman et al., 2000a). Voltage-
clamp fluorometry experiments have demonstrated that in Cys-loop receptors (e.g. (Pless and 
Lynch, 2009; Khatri et al., 2009)), the loop F from the β subunit is essential to ligand binding. Some 
studies have also suggested that this loop may be involved in signal transduction and channel gating 
(e.g. (Newell et al., 2004; Padgett and Lummis, 2008)). Loop C has been shown to be involved in 
agonist binding (e.g. (Jadey and Auerbach, 2012; Purohit and Auerbach, 2013)). However, there is 
still no consensus regarding how the loop C dynamics is correlated with channel opening (for a 
detailed review see (Nys et al., 2013)).  
 
Concluding remarks  
A combination of equilibrium and nonequilibrium MD simulations here have identified key features 
of the structural mechanism by which a ligand unbinding event in the ECD of nAChRs is 
communicated to the TMDs. The results are consistent with experimental structural and 
mutagenesis studies which have previously identified key residues. By simulation, we have been 
able to detect and visualise in silico the initial steps of these dynamic rearrangements, which 
propagate the signal through the receptor. We used a combination of extensive (microsecond) 
equilibrium and nonequilibrium MD simulations to study the dynamical behaviour of the human 
α4β2 receptor with and without nicotine to identify agonist-induced conformational changes. The 
equilibrium simulations show that the structural rearrangements induced by the ligand are not 
restricted to the binding pocket. Significant nicotine-induced conformational changes are observed 
in the inter-domain interfaces, mainly in the Cys and M2-M3 loops and in the lower part of loop F. 
The nonequilibrium simulations identify the initial steps of the inter-domain communication 
mechanism and the ordering of the conformational changes associated with this process. These 
simulations show a striking pattern of through-receptor communication, showing the structural 
pathway involved in signal transmission. Crucially, the conformational steps observed on nicotine 
deletion proceed firstly via loop C in the α4 subunit, accumulating to impact the loop F of the 
neighbouring β2 subunit (upper part first, then lower) before proceeding to the TMDs via the M2-
M3 linker. Understanding the nAChR communication mechanism in atomic detail should help to 
explain how some known modulators (such as 5-HI (Zwart et al., 2002)) or NS1738 (Timmermann 
et al., 2007)) exert their effects, and clarify the role of some structural motifs. It may also assist in 
the design of new modulators that influence the ECD-TMD signal transduction.  
All known Cys-loop receptors share a conserved molecular architecture, despite limited sequence 
identity (Corringer et al., 2012; Nys et al., 2013). They probably also all share the same 
communication mechanism: e.g., chimeric Cys-loop receptors formed by modular combinations of 
the extracellular agonist-binding domains and functionally diverse transmembrane ion channels are 
functional (Eisele et al., 1993; Grutter et al., 2005; Magnus et al., 2011). Furthermore, mutational 
studies have also revealed the importance of loops C, Cys, F and M2-M3 in ligand binding, signal 
transduction and in inter-domain communication in nAChR (e.g. (CamposCaro et al., 1996; Rovira 
et al., 1998; Grosman et al., 2000a; Shen et al., 2003; Jha et al., 2007; Bafna et al., 2008)) as well in 
other Cys-loop members (e.g. (Newell and Czajkowski, 2003; Thompson et al., 2006; Newell et al., 
2004; Padgett and Lummis, 2008; Pless and Lynch, 2009; Khatri et al., 2009). Combining the 
experimental data available with the computational work presented here, we suggest that the 
essential details of the inter-domain communication process identified by our simulations represent 
a general mechanism for the initial steps in signal transduction for this family of ion channels (see 
Movie 4). 
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MAIN FIGURE TITLES AND LEGENDS 
Figure 1. X-Ray crystal structure of the human α4β2 receptor (PDB code: 5KXI (Morales-
Perez et al., 2016)). (A) Architecture of the α4β2 receptor formed by two α4 (coloured in green) and 
three β2 subunits (coloured in orange). (B) Detailed view of the individual α4 and the β2 subunits. 
Some important structural motifs are highlighted with the following colour scheme: M2-M3 loop, 
yellow; Cys loop, red; β1-β2 loop, pink; loop F, magenta; loop C, blue; loop A, orange; loop E, 
green. (C) Chemical structure of (S)-nicotine. (D) Detailed view of the ligand-binding pocket. In A 
and D, (S)-nicotine (in the protonated form) is represented by pale green spheres. 
 
Figure 2. Average change in RMSF between the APO and NCT systems and associated p-
values (Roy and Laughton, 2010) for α4 (A) and β2 (B) subunits that form the first binding 
pocket. A Student’s t-test was used to compare the APO and NCT systems and to assess the 
significance of the differences (for more details see the STAR Methods). (C) Location of the loop C 
motif. In this image, the protein structure is the crystallographic conformation used as the starting 
point for the simulations (PDB code: 5KXI (Morales-Perez et al., 2016)). The α4 and β2 subunits 
are coloured in green and cyan, respectively. Nicotine is represented with spheres whereas the loop 
C motif is highlighted in red. See also Figure S2. 
 
Figure 3. Average Cα positional deviation between the NCT and the APO system for all five 
subunits. The average deviation was determined from all 100 combinations (resulting from the 10 
APO × 10 NCT pairs of trajectories) of Cα RMSD between the average structures of the two 
systems. The vertical lines represent the standard deviation of the mean. The positions of some 
important structural motifs are highlighted in yellow.  
 
Figure 4. Nicotine-induced conformational changes. (A) Comparison between the NCT and the 
APO systems for binding pocket 1 (BP1). (B) Detailed view of BP1. (C) Detailed view of the ECD-
TMD interface. The average Cα positional deviation between the two states is mapped on the 
average APO structure. In this image, both the structure colours and the cartoon thickness are 
related to the average Cα positional deviation between the NCT and APO systems. The red, thicker, 
regions show the residues with the largest differences between the NCT and APO systems. For a 
detailed view of binding pocket 2 (BP2), see Figure S3 in the supplementary material. See also 
Figure S3. 
 
Figure 5. Ion permeation channel. (A) Ion permeation channel in the X-ray structure used as the 
starting point for the simulations (PDB code: 5KXI (Morales-Perez et al., 2016)). This structure is 
thought to represent a desensitised, non-conducting state of the receptor (Morales-Perez et al., 
2016). (B) Ion permeation channel in a representative snapshot of the closed channel from 
equilibrium MD simulations. Only the M2 α-helices are depicted in these images for clarity. The α4 
and β2 subunits are coloured in green and orange, respectively. The side chains of E247 (α4 
subunits) and E239 (β2 subunits) are represented with sticks. The grey surface corresponds to the 
internal surface of the ion channel, and it was determined with the program HOLE (Smart et al., 
1996). (C) Profiles along the channel axis in the TMD region. The blue and green lines correspond 
to the pore profiles for open (Du et al., 2015) (PDB code: 3JAE) and closed (Du et al., 2015) (PDB 
code: 3JAD) GlyR channel whereas the red and orange lines to the α4β2 (Morales-Perez et al., 
2016) (PDB code: 5KXI) and GABAAR (Miller and Aricescu, 2014) (PDB code: 4COF) 
desensitized channel. The black line shows the profile for the representative snapshot of the closed 
channel obtained from our simulations. The asterisks in Figures B and C indicate the narrowest part 
of the channel. See also Figure S5. 
 
Figure 6. ECD-TMD communication pathway. Mapping of the average Cα-positional deviation 
in 5 ns following nicotine removal from BP1. The Cα deviation between the short APO and the 
NCT simulations values at specific times (0, 0.05, 0.5, 1, 3 and 5 ns) after removal of nicotine were 
calculated as a function of the residue number. The final deviation values correspond to the average 
obtained over all 400 pairs of simulations (see Figure S6). The average deviations are mapped on to 
the average APO structure at that time, using the colour scheme presented in the scale. The boxes 
show the time evolution of the inter-domain interface (details of the deviations around BP1 and BP2 
are shown in Figures S7 in the supplementary material and Movie 2).  See also Figure S6 and S7. 
 
Figure 7. Scheme of the short non-equilibrium simulations. From the X-ray structure, we started 
10 equilibrium MD simulations of the NCT state (orange). Each replicate was 250 ns long. These 
long NCT simulations (orange) were used to generate starting structures for the short APO 
simulations (green): conformations were sampled every 5 ns, starting from the 50 ns structures of 
the long NCT simulations, giving a total of 400 short APO simulations.  
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The 3.9 Å resolution crystal structure of the human α4β2 nicotinic receptor (PDB code: 5KXI) 
(Morales-Perez et al., 2016) was used as the starting point for this work. All the missing loops were 
modelled with the program MODELLER 9v17 (Sali, 1995) and all the non-natural linkers inserted 
to promote crystallisation were removed (e.g. the EA linker inserted between F559–S560 in the α4 
subunits and between Q420–S421 in the β2 subunits) (Morales-Perez et al., 2016). We recognise 
that even small loops pose particular challenges for MD simulations (Liao et al., 2018). The MX-M4 
intracellular region of the receptor was not modelled. Overall, 20 different models were generated 
and the one with the lowest value for MODELLER's objective function was selected. 
 
Protonation state of protonatable residues at pH = 7.0 
The protonation states of the protonatable residues in the α4β2 receptor were determined using 
methodologies for studying the thermodynamics of proton binding described in (Baptista and 
Soares, 2001; Teixeira et al., 2002). These widely used methodologies (see for example (Bashford 
and Gerwert, 1992; Baptista et al., 1999; Soares et al., 2004; Teixeira et al., 2005; Oliveira et al., 
2014)) use a combination of Poisson-Boltzmann (PB) calculations performed with the software 
MEAD (version 2.2.9) (Bashford and Karplus, 1990; Bashford and Gerwert, 1992; Bashford, 1997) 
and Metropolis Monte Carlo (MC) simulations, using the software PETIT (version 1.6) (Baptista 
and Soares, 2001). 
 
The dielectric constants used for the solvent (εsol) and for the protein (εprotein) were 80 and 10, 
respectively (Teixeira et al., 2005). An implicit membrane was introduced in the x-y plane and 
modelled as a low dielectric (εmemb = 4) slab of 40 Å. The PB/MC calculations were done with steps 
of 0.2 pH units. Based on the titration curves, almost all glutamates, aspartates, lysines and 
arginines were found to be charged. Four exceptions were observed, namely K333, R320 and E282 
in the α4 subunits and R351 in the β2 subunits, which were found to be neutral. However, all these 
four residues were positioned in the polar region of the bilayer and close to the water/membrane 
interface, where they can easily change their conformation and directly interact with the solvent, 
and thus were considered to be charged.  
In the α4 subunits, H9, H68, H305, H306 and H312 were considered neutral whereas H111, H116, 
H119 and H169 were (positively) charged. In the β2 subunits, H136, H297, H304, H329 and H330 
were considered neutral and H10, H46, H86 and H298 were positively charged. 
The pKa value for the pyrrolidine N site in nicotine is ~8.0 (Yang and Smetena, 1995) and by this 
reason, the nicotine molecules were treated as protonated. 
 
Insertion of the receptor into a lipid bilayer 
The reconstructed nicotinic receptor was inserted in a pre-equilibrated 1-palmitoyl-2-oleoyl-sn-
glycero-3-phosphocholine (POPC) lipid bilayer using LAMBADA and InflateGRO2 (Schmidt and 
Kandt, 2012), resulting in a membrane-protein system containing 411 lipid molecules. It should be 
noted that the membrane used here was formed by a single type of lipid (namely POPC) and did not 
contain e.g. cholesterol. The lipid composition of the membranes has shown experimentally to 
modulate receptor function (for a review see (Baenziger et al., 2015)) and the presence of 
cholesterol may not only influence the bulk membrane physical properties (such as thickness, 
curvature stress and, bilayer ordering) (Lundbaek et al., 2003) but also bind to specific sites within 
the TMDs of the receptor (e.g. (Jones and McNamee, 1988)). The membrane model should not, 
however, affect the conclusions on dynamics and structural changes associated with nicotine 
binding identified here. For this work, two systems were prepared: in the first, no agonist was 
bound to the receptor (APO) whereas, in the second, the receptor had one nicotine molecule bound 
in each binding pocket (NCT). Both systems were solvated using TIP3P water molecules 
(Jorgensen et al., 1983), and an ionic concentration of 0.1 M sodium chloride was used. The total 
system size was ~275K atoms.  
 
MD Simulations 
All MD simulations were performed using the GROMACS (version 5.1.4) package (Berendsen et 
al., 1995; Van Der Spoel et al., 2005; Abraham et al., 2015) on the University of Bristol High-
Performance Computer, BlueCrystal (Phase 4). The Amber ff99SB-ILDN (Lindorff-Larsen et al., 
2010) force field was used for the protein and Slipids for POPC (Jambeck and Lyubartsev, 2012a; 
Jambeck and Lyubartsev, 2012b). The parameters for the protonated nicotine were taken from our 
previously published work, where the R configuration was chosen for the nitrogen stereocenter 
(Campello et al., 2018) corresponding to the stereoisomer modelled in the crystal structure 
(Morales-Perez et al., 2016) and a higher resolution (2.2 Å) AChBP structure (Dawson et al.).  
All simulations were performed at the constant temperature of 310 K and the velocity-rescaling 
thermostat (Bussi et al., 2007) was used, with separate couplings for the solutes (protein, nicotine 
and lipids) and solvent, using a relaxation time constant of 0.1 ps. A Berendsen barostat (Berendsen 
et al., 1984) was used to keep the pressure at 1 bar, with a coupling constant of 1.0 ps and an 
isothermal compressibility of 4.5× 10−5 bar−1. The pressure was coupled semi-isotropically, 
resulting in the independent coupling of the lateral P(x+y) and perpendicular (Pz) pressures.  
A time step of 2 fs was used for integrating the equations of motion. Non-bonded long-range 
electrostatic interactions were calculated using the smooth particle mesh Ewald method (Essmann et 
al., 1995) beyond a 12 Å cutoff. The same 12 Å cutoff was used for the van der Waals interactions 
with long-range dispersion corrections for the energy and pressure (Allen and Tildesley, 1987). The 
neighbour lists were updated every 20 steps. All bonds were constrained to their equilibrium lengths 
with the LINCS algorithm (Hess et al., 1997) except for the water molecules, which were kept rigid 
with the SETTLE algorithm (Miyamoto and Kollman, 1992).  
 The two systems (NCT and APO) were energy minimized with the steepest-descent method (Allen 
and Tildesley, 1987) in order to remove excessive strain by performing 5000 steps of minimization 
with harmonic restraints applied to all non-hydrogen atoms, followed by further 5000 steps 
restraining the Cα atoms only, ending with 5000 steps with no restraints.  
After the minimisation step, and in order to allow proper repacking of the lipids around the protein, 
a 25 ns MD relaxation was performed in two steps. First, a 5 ns simulation was performed with 
position restraints to all non-hydrogen atoms of the protein and ligands, at a constant temperature. 
Afterwards, an additional 20-ns long simulation was performed with position restraints applied only 
the protein’s Cα atoms. A force constant of 1000 kJ mol−1nm−2 was used for all the steps that 
included harmonic position restraints. The unrestrained simulations started after these 25 ns of 
restrained simulations. 
In order to mitigate the sampling problem, 10 MD simulations, 250 ns each, were performed for 
each system, resulting in 5 µs of total simulation time. All replicates were initiated with different 
sets of random velocities. 
It should be noted that the structure used as the starting point for these equilibrium simulations is 
proposed to be in a desensitised state in which the ion channel adopts a non-conducting conformation 
(Morales-Perez et al., 2016) despite agonists being present in the binding pockets. The working 
mechanism of Cys-loop receptors can be minimally represented by a four state MWC allosteric model 
(for a review see (Nemecz et al., 2016)): three primary states (Resting, Active and Desensitized) and an 
intermediate state. According to this model, agonist binding induces a structural transition from a 
closed to an open conformation, followed by the transition to a high affinity, agonist-bound, 
nonconducting desensitised state. The exit of the agonist from the binding sites returns the receptor 
to the closed, resting state again. The equilibrium simulations reported here focus on the 
identification of the conformational changes induced by nicotine during the Desensitized to Resting 
transition and do not address or try to model how ligand-binding induces channel opening (which 
corresponds to the Resting to Active transition).  
 
Nonequilibrium MD simulations 
We also performed a large number (400) of very short (5 ns) nonequilibrium simulations to 
characterise rapid conformational changes and to study the interdomain communication mechanism 
(Figure 7), using a technique applied successfully previously to other systems (Damas et al., 2011; 
Oliveira et al., 2005). From the equilibrated part of the 250-ns long NCT simulations (from 50-250 
ns), conformations were extracted every 5 ns and used as starting points for the short APO 
simulations (so a total of 40 different conformations per replicate). In each one of the extracted 
conformations, the nicotine molecules were removed from the binding pockets, and the trajectory of 




This annihilation of nicotine is not intended to represent the physical process of unbinding:  it is to 
test the effect of this immediate perturbation on the system, via the subtraction technique, 
introduced by Ciccotti et al. (Ciccotti et al., 1979; Paolini et al., 1990). This subtraction technique 
was used to analyse the simulations (as described previously (Damas et al., 2011; Oliveira et al., 
2005)) and determine the response of the system to the annihilation of nicotine. According to the 
subtraction technique (Ciccotti et al., 1979; Paolini et al., 1990), the fast response of a system to a 
perturbation can be directly measured by averaging the difference of a given property (in this case, 
the position of the Cα atoms) in perturbed (APO) and unperturbed simulations (NCT) at a given time 
as long as the two simulations are highly correlated and providing that enough data is gathered. In 
highly correlated systems, the random fluctuations of the systems largely cancel, thus giving the 
time evolution of the response to the perturbation. For long simulation times and as the correlation 
between the trajectories is lost, the subtraction technique is no longer useful. It should be noted that 
these nonequilibrium simulations (due to their short timescales and the artificial nature of the 
perturbation) are not in any way attempting to explain the entire mechanism of how ligand binding 
and unbinding induces channel opening and closing. Rather, they allow the identification of the first 
conformational changes associated with signal propagation through identification of common 
features. The standard deviation (SD) for the average Cα positional deviation between the APO and 
NCT systems was determined to test for the significance and reproducibility of the results. Overall, 
low SD values were observed for all the regions of interest (data not shown). 
 
QUANTIFICATION AND STATISTICAL ANALYSIS 
 
All the analyses were performed using GROMACS tools (Berendsen et al., 1995; Van Der Spoel et 
al., 2005; Abraham et al., 2015), in-house tools and the program PyMOL (Delano, 2003). The 
RMSD and RMSF were calculated after least-squares fit to the Cα atoms of the initial structure. The 
ϕ dihedral between the pyridine and pyrrolidine rings of nicotine was defined using the N2-C6-C2-
C1 atoms (according to the X-ray nomenclature (Morales-Perez et al., 2016)). The ion channel 
diameter profile along time was calculated using the program HOLE (Smart et al., 1996). The 
membrane properties were determined using the GridMAT tool (Allen et al., 2009). PCA analysis 
was used to examine the sampling and equilibration of the replicates (similarly to, e.g. (Roy and 
Laughton, 2010; Garton and Laughton, 2013; Ng et al., 2013)). All replicates for each system were 
combined before the analysis so that the dynamics of the individual replicates could be directly 
compared (within a common subspace). Each PCA trajectory contained one conformation per 
nanosecond per replicate (totaling 2501 frames) with all the Cα atoms of protein. The two principal 
components (PC1 and PC2) were used to assess the equilibration/relaxation of the simulations, and 
all systems were considered equilibrated after 50 ns.  
A simple Student’s t-test was used to compare the APO and NCT RMSFs and to assess the 
significance of the differences observed (similarly to Roy and Laughton, 2010).  For this test, the 
sample size was 10, and it was assumed that the two samples were independent, the dependent 
variable was normally distributed and that the variances of the dependent variable were equal.  
 
DATA AND SOFTWARE AVAILABILITY  
The data will be shared upon request. Any requests for data sharing should be directed to the Lead 






Movie 1. Nicotine-induced conformational changes in the α4β2 receptor, Related to Figure 3. 
The global average structures (obtained over the last 10 ns of simulation of each replicate and 
averaged over the 10 replicates) for the APO and NCT systems are represented sequentially, 
allowing us to identify the conformational changes directly induced by nicotine. The α4 and β2 
subunits are coloured in green and orange, respectively. The magenta spheres represent the nicotine 
molecule.  
 
Movie 2. Time evolution of the deviations along the 5 ns after nicotine’s deletion from the 
BP1, Related to Figure 6.   
 
Movie 3. Conformational changes induced by nicotine annihilation in the BP1, Related to 
Figure 6. The global average structures (obtained after 5 ns and averaged over the 400 short 
simulations) for the APO and NCT systems are represented sequentially, allowing us to identify the 
conformational changes directly induced by the removal of nicotine. The α4 and β2 subunits are 
coloured in green and orange, respectively. The magenta spheres represent the nicotine molecule.  
 
Movie 4. First steps in the proposed communication mechanism for the Cys-loop family, 
Related to STAR Methods. 
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